Here we report an investigation of Li-ion cell thermal behaviors during extreme fast charging by in situ measurement of its internal temperatures. An experimental 2 Ah LiNi 0.6 Co 0.2 Mn 0.2 O 2 /graphite pouch cell with embedded micro-thermocouples was developed and charged as fast as 7C at room temperature. With forced convection air cooling, the cell core temperature increased by 22.5°C in 5 minutes during 7C charging while it increased by less than 1.5°C during 1C charging. The difference between cell core temperature and surface temperature was up to 3.4°C during 7C charging while less than 0.2°C during 1C charging. We estimated heat generation of the cell and found that the average heat generation rate during 7C constant current charging was 34 times higher than that during 1C charging. The temperature gradient was smaller but the temperature increase was higher with natural air convection than those with forced convection. A temporary voltage drop phenomenon was observed during 7C charging with forced convection and 5C charging with natural convection, in similar SOC range from ∼22% to ∼40%. The phenomenon can be attributed to drop of cell resistance with rapid temperature rise and slow increase of open circuit voltage in the SOC range.
Long charging time of lithium-ion (Li-ion) batteries is a critical barrier to wide adoption of battery electric vehicles (BEVs). 1, 2 It takes at least 30 minutes for state-of-the-art BEVs to be charged to 80% state of charge (SOC), [2] [3] [4] [5] much longer than refueling an internal combustion engine vehicle. To address the barrier, great efforts 1, 2, [6] [7] [8] [9] [10] [11] [12] [13] have been made to enable extreme fast charging (XFC), aiming to reduce charging time to less than 10 minutes. XFC, however, could cause rapid heat generation and overheating of Li-ion batteries, 1, 8 which significantly reduce battery life and even raise safety concerns. 14, 15 Moreover, temperature distribution inside Li-ion cells would not be uniform due to low thermal conductivity of battery materials, [16] [17] [18] [19] leading to non-uniform degradation and underestimate of overheating by monitoring surface temperature only. A recent numerical modeling study by Keyser et al. 8 showed obvious non-uniform temperature distribution during 6C charging even for high-power cells optimized for hybrid EVs. They further noted that temperature variation within cells is among the thermal considerations that need to be addressed before BEV extreme fast charging becomes a reality. Therefore, it is important to characterize non-uniform temperature distribution in BEV Li-ion cells during XFC.
In situ measurement of internal temperatures has proved to be a useful diagnostic tool for in-depth understanding of Li-ion cell thermal behaviors. [20] [21] [22] [23] [24] [25] However, past studies were focused on discharging, [21] [22] [23] [24] low C rate charging, 25 or LiFePO 4 /graphite cells with low specific energy. 20 Studies on XFC of widely used nickel manganese cobalt oxide (NMC) based Li-ion cells through in situ measurement of internal temperatures are still lacking.
Here we report in situ measurement of internal temperatures in a 2 Ah LiNi 0.6 Co 0.2 Mn 0.2 O 2 /graphite pouch cell during XFC with the charging rate up to 7C. The internal temperatures are directly measured with embedded micro-thermocouples and compared with surface temperature. The rise of internal temperatures and difference with surface temperature are reported, in addition to cell current, voltage and SOC. Heat generation rate during charging are estimated. The effects of cooling are also discussed. Moreover, an interesting phenomenon of temporary cell voltage drop during XFC is discussed. 
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was attached on the cell surface. Measuring tips of all the three thermocouples were aligned near the center of in-plane direction. As shown schematically in Figure 1b , the thermocouple in the core of jelly roll was placed between two layers of separator. Two layers of separators were used only in this electrode unit and single layer of separators were used in all other units.
To prevent corrosion by electrolyte, the micro-thermocouples inside the Li-ion cell were coated with a 10 μm layer of Parylene C using a Specialty Coating Systems (SCS) Parylene coater (PDS-2010) at Penn State Nanofabrication Laboratory, Materials Research Institute.
The experimental cell with nominal capacity of 2.0 Ah was fabricated at the DOE Battery Manufacturing R&D Facility (BMF) at Oak Ridge National Laboratory (ORNL). The cell has 10 layers of cathode and 11 layers of anode. The dimensions of negative electrode and positive electrode are 86.4 mm × 58 mm and 84.4mm × 56 mm, respectively. The active material for cathode is LiNi 0.6 Co 0.2 Mn 0.2 O 2 (Targray), with loading of 2.25 mAh/cm 2 and coating thickness of 50 μm on aluminum foil of 15 μm. The active material for anode is graphite with loading of 2.58 mAh/cm 2 and coating thickness of 50 μm on copper foil of 9 μm. Separator is 89 mm × 61 mm large and 25 μm thick (Celgard 2325). Pouch is aluminum laminated film with thickness of ∼160 μm (Cellpack-153PL, YoulChon Chemical, Co., Ltd). The cells were vacuum-filled with 1.2 M LiPF 6 in ethylene carbonate (EC)/ethyl methyl carbonate (EMC) (30/70 wt%). Cell assembly was carried out inside a dry room with a dew point of less than −50°C and relative humidity (RH) of 0.1%.
For comparison with the experimental Li-ion cell, a baseline Li-ion cell was made using same materials and same procedure, but without embedded micro thermocouples and single layer of separators were used in all electrode units.
Charging protocol and experimental system.-Before every charging in this study, the experimental Li-ion cell was firstly discharged at 1.0 A (0.5C) to 2.8 V and then rested for 30 minutes to ensure similar starting condition for every test. Charging was done at room temperature (23 ± 1°C) using a constant current constant voltage (CCCV) protocol: constant-current charging until cell voltage reaches 4.2 V, followed by 4.2 V constant-voltage charging until current drops to 0.1 A (corresponding to C/20).
The experimental Li-ion cell was placed flat inside an environmental chamber (Tenney TC10C, Thermal Product Solutions), with the embedded thermocouples on the top (facing the air), during experiments. The chamber was used to create two cooling conditions: forced convection and natural convection. For the first condition, the chamber was set to keep its air at 23°C and the air was circulated by an integrated fan to ensure forced convection cooling of the Li-ion cell. For the second condition, the chamber was powered off so that the Li-ion cell was cooled by ambient air in the chamber through natural convection.
Charging and discharging of the experimental Li-ion cell were controlled by a battery tester (LBT21084, Arbin, with current accuracy <6 mA and voltage control accuracy <1 mV). Cell voltage, current, capacity and electric energy during charging and discharging were recorded by the battery tester. Temperatures were measured by a data acquisition unit (Keysight 34980A with 34921A/34921T hardware and BenchLink Data Logger Pro Software, with measurement error of ±1.0°C). Deviation between readings of the embedded thermocouples and surface thermocouple was less than 0.1°C at stable ambient temperatures of 25°C, 30°C, 35°C, 40°C and 45°C. higher than that of baseline cell. It can be attributed to slightly higher resistance caused by the embedded sensors. Figure 3b shows that cell voltage started higher and reached upper limit faster with higher C rate charging. The voltage reached 4.2 V in 280 seconds during 7C charging, 450 seconds during 5C charging, 870 seconds during 3C charging and over 3000 seconds during 1C charging. Figure 3c shows that the Li-ion cell was charged faster at higher C rate as expected. It took less than 7.5 minutes (450 seconds) for the cell to be charged to 80% SOC with 7C charging and 10 minutes with 5C charging. In comparison, reaching 80% SOC took 16 minutes with 3C charging and nearly 50 minutes with 1C charging.
Results and Discussion
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Current, voltage, SOC and temperatures of experimental cell dur
While 5C or 7C charging significantly reduced charging time, the cell temperatures increased much more and faster than those during 1C charging. As shown in Figure 3d , the cell's core temperature increased by 22.5°C in 300 seconds with 7C charging. In comparison, it increased by less than 0.5°C in 300 seconds and no more than 1.5°C during the whole process of 1C charging. Figure 3d also shows that temperature gradient through cell thickness was larger during faster charging, suggesting higher heat transfer rate from jelly roll to surface and ambient. The difference between core temperature and surface temperature was less than 0.2°C during 1C charging but reached up to 3.4°C during 7C charging. Note that embedded micro thermocouples could introduce additional thermal resistance and cause artificially larger temperature gradient. Thinner temperature sensors or non-invasive internal temperature measurement techniques are needed in future work to mitigate such influence.
It is worth noting that the experimental Li-ion cell is less than 4 mm thick including pouch. For EV Li-ion cells that are much thicker than this cell, the temperature gradient during XFC could be much larger. Such non-uniform temperature distribution could then lead to nonuniform local degradation and reduced cycle life. 8, 26 Further investigation on temperature gradient in thicker EV Li-ion cells during XFC and its effects on degradation would be necessary.
Heat generation during XFC.-The much higher and faster temperature rises during 7C and 5C charging than during 1C charging, discussed above, can be attributed to much higher heat generation rate. By neglecting mixing heat generation which is much smaller than irreversible and entropic heat generation, 24, [27] [28] [29] [30] the heat generation rate q gen during charging of a Li-ion cell can be estimated from Equation 1:
where I is current and its value is positive during charging, V is cell voltage, U is open-circuit voltage, T is absolute temperature with unit of K, and ( ∂U ∂T ) is entropic coefficient. The term I (V − U ) represents irreversible heat generation rate q gen,irr and the term IT ( ∂U ∂T ) represents reversible heat generation rate q gen,rev .
The open-circuit voltage was measured at room temperature by charging the baseline cell at 0.2C (0.4 A) to each SOC level (2% interval) followed by four hours of rest. The results are shown in Figure 4a . The entropic coefficient was obtained with the baseline cell using a procedure similar to that in an earlier study. 20 At each SOC level (10% interval), the open-circuit voltage at 25°C and 45°C were measured and used to determine the entropic coefficient according to Equation 2: 20 :
in which A is a constant, B is entropic coefficient, and C is a constant related to open-circuit voltage relaxation with time. Figure 4b shows obtained entropic coefficient at different SOC. The results are consistent with those in a previous study of similar electrode materials (LiNi 0.6 Co 0.2 Mn 0.2 O 2 cathode and graphite anode). 29 By fitting the measurement results in Figure 4a and Figure 4b , open-circuit voltage and entropic coefficient at any SOC level during charging can be determine for estimation of irreversible and reversible heat generation rate according to Equation 1 . The open-circuit voltage changes little with temperature, between −0.39 and 0.09 mV/K as shown in Figure 4b , so the error in estimating irreversible heat generation rate by using open-circuit voltage at room temperature in Figure 4a is negligible.
The estimated irreversible and reversible heat generation rate were plotted in Figure 4c and Figure 4d , respectively. The total heat generation rate was also calculated and plotted in Figure 4e .
As shown in Figure 4c , the irreversible heat generation rate was less than 0.3 W during the whole process of 1C charging but was dramatically higher for faster charging. It reached a maximum of 9.1 W during 7C charging and 4.6 W during 5C charging. After reaching the maximum, the irreversible heat generation rate started decreasing which can be attributed to the decrease of cell resistance with temperature. When cell voltage reached upper limit and current began to decrease rapidly, the irreversible heat generation rate also decreased correspondingly.
Unlike the irreversible heat generation rate which was always positive, the reversible heat generation rate started negative and then became positive as shown in Figure 4d . The magnitude of reversible heat generation rate was much smaller than that of irreversible heat generation rate during 5C or 7C charging, but it had an obvious influence on total heat generation rate at the beginning of charging.
For more convenient comparison of heat generation, the average rate of irreversible, reversible and total heat generation during constant current charging period was plotted versus C rate in Figure 4f . It can be seen that the overall contribution of reversible heat generation was negligible, consistent with the previous study with similar electrode materials. 29 As a result, the average total heat generation rate overlapped with the average irreversible heat generation rate. They increased quadratically with C rate as is typical for Li-ion cells. 24 They were 34 times higher during 7C charging than that during 1C charging.
Part of the heat generation is stored in the Li-ion cell causing the rise of its temperatures. The other part of heat generation is transferred to ambient air causing temperature gradient from the core of jell roll to surface. Therefore, the much higher heat generation rate during XFC causes not only faster temperature rise but also larger temperature gradient, as can be seen in Figure 3 .
Effects of cooling on temperature rise and temperature gradient.-Previous experimental studies 22 on discharging show that cooling conditions would influence both temperature rise and temperature gradient. To investigate the effects during charging, the experimental Li-ion cell was charged at room temperature with natural convection cooling. The results are shown in Figure 5 in similar style of Figure 3 for easier comparison. Note that the cell was not charged at 7C due to concern of cell overheating and damage. As Figure 5d shows, the maximum cell surface temperature rise was 20.6°C during 5C charging. It was much higher than the maximum rise of 13°C during 5C charging with forced convection cooling. It was even higher than that during 7C charging with forced convection cooling as shown in Figure 3d . Such comparison clearly shows that strong cooling like forced convection is needed in controlling Li-ion cell temperature rise during XFC.
Comparison between Figure 3d and Figure 5d also shows that the temperature gradient is larger with forced convection cooling than with natural convection. It is due to faster heat dissipation with stronger external cooling. This agrees with previous study on temperature distribution in Li-ion cell during discharging. 22 It is worth noting that liquid cooling is widely used in EV battery thermal management due to its much stronger cooling capability than air cooling. 31 While liquid cooling would be more effective and more practical in keeping EV battery temperatures low enough during XFC, the temperature gradient from individual Li-ion cell core to surface would be also larger. Temperature distribution in large size EV Li-ion cells with strong liquid cooling during XFC is worth further investigation. Figure 3b and Figure 5b shows an interesting phenomenon. The cell voltage experienced an obvious decrease before it increased again during 7C charging with forced convection cooling and 5C charging with natural convection cooling. For convenient discussion, charging voltage in these two cases and open-circuit voltage are plotted versus SOC as shown in Figure 6a . While cell open-circuit voltage U keeps increasing with SOC, the decrease of cell voltage V means decrease of heat generation rate for constant current according to Equation 1. Lower heat generation rate would then cause slower temperature rise. This trend can be seen from Figure 3d and Figure 5d where cell temperature rise began to slow down.
Temporary voltage drop during XFC.-A close examination of
The phenomenon of temporary voltage decrease during fast charging can be attributed to the counter effects of open-circuit voltage and resistance according to Equation 3 : [3] in which R is cell resistance. On the one hand, the open-circuit voltage U would keep increasing during charging due to higher SOC as shown in Figure 6a . On the other hand, the cell resistance would decrease due to higher temperature as shown in Figure 6b . The results in Figure 6b were obtained by heating/cooling the cell to certain temperatures using the environmental chamber and then pulse charging/discharging the cell at 0.5C (1 A) after all cell temperatures became stable. If the effect of open-circuit voltage is less than that of the cell resistance, then cell voltage would decrease. By closely checking Figure 6a , it can be seen that in both cases the cell voltage began to decrease from ∼22% SOC to ∼40% SOC. In this SOC range the cell open-circuit voltage increases very slowly with SOC and its effect can be easily outweighed by cell resistance if cell temperature increase rapidly, causing cell charging voltage to decrease. From 22% SOC to 40% SOC, the cell core temperature increased 6.1°C for 7C charging with forced convection and 6.8°C for 5C charging with natural convection.
In comparison, the cell core temperature only increased 3.8°C for 5C charging with forced convection, which could explain why the phenomenon of temporary voltage drop was not observed in this case. Beyond 40% SOC, the open-circuit voltage increased quickly with SOC and began to dominate again, causing cell charging voltage to increase again until reaching upper limit. Indeed, such phenomenon of temporary voltage decrease could also occur during fast charging at low temperatures, e.g. 3.5C charging at 0°C, 32 in which the temperature rise and corresponding resistance reduction were also significant.
Future work.-The above results and discussion show that in situ measurement of internal temperatures can provide insightful and quantitative characterization of Li-ion cell thermal behaviors during XFC. The experimental data, with specific information of cell structure and materials reported, are also useful for validation of numerical models that can be used to explore various cell designs and operation strategies to enable XFC.
Due to the value of in situ measurement of internal temperatures to XFC, further investigation is needed, including using thicker cells with thicker electrodes, fast charging at various ambient temperatures, and investigating effects of non-uniform temperature distribution on cell degradation. Development of thinner embedded temperature sensors or non-invasive internal temperature measurement techniques is also needed to reduce to mitigate influence of additional thermal resistance by embedded thermocouples.
Conclusions
We in situ measured internal temperatures of an experimental 2 Ah LiNi 0.6 Co 0.2 Mn 0.2 O 2 /graphite pouch-format Li-ion cell during XFC up to 7C at room temperature. Its heat generation rate was also quantitatively estimated. Based on the measurement results and discussion, the following conclusions can be drawn. First, Li-ion cell temperatures increase much higher and faster during XFC than during 1C charging. The experimental cell core temperature increased by 22.5°C in 5 minutes during 7C charging with forced air convection while it increased less than 1.5°C during the hour-long 1C charging. Second, the difference of cell core temperature and surface temperature is much larger during XFC than during 1C charging. The difference reached 3.4°C during 7C charging and was less than 0.2°C during 1C charging for the experimental cell. Third, heat generation rate is much higher during XFC than during 1C charging. Compared with irreversible heat generation, entropic heat generation is negligible except at the beginning of charging. Average heat generation rate during 7C constant current charging of the experimental cell was 34 times higher than that during 1C charging. Fourth, with natural air convection which was less effective in cooling than forced convection, the temperature gradient was smaller but the temperature increase was much higher and faster. Last, Li-ion cell could experience temporary voltage drop during XFC,
